Tobacco (Nicotiana tabacum L. cv Wisconsin 38) cells grown in suspension culture at 26°C produce heat shock proteins (HSPs) when exposed to elevated temperature of 34 to 42°C. At 34 and 38°C, synthesis of normal proteins is maintained while HSPs are expressed within 30 minutes after initiation of the shock. At 42°C, HSPs are still expressed but normal proteins are made at a reduced rate or not at all. Exposure of cells to 38°C allows for a full expression of HSPs without inhibition of the synthesis of normal proteins. Induced synthesis of HSPs at 38°C is maximal 1 to 2 hours after elevation of temperature and diminishes thereafter through at least 6 hours. Cells growing asynchronously in the logarithmic phase of growth produce HSPs at a much higher rate than those in the stationary phase. The ability to synthesize HSPs disappears about one generation time before the cells reach a growth plateau.
Transfer of living cells to an elevated temperature produces stress. The severity of stress is primarily determined by the temperature differential and the duration of exposure although other factors, such as rapidity of the change in temperature, the previous growth conditions, etc., are also important. Excessive heat exposure leads to death, and very high temperatures can be tolerated for a limited time only. Even below such nonpermissive temperatures, growth and metabolism can be adversely affected by heat. Plants have adapted to, and grow best at, the temperature prevailing in their habitat. In this sense, one uses the concept of intrinsic thermotolerance which is applicable, for example, when comparing related species from different regions. To what extent the level of this stable, intrinsic heat tolerance is genetically fixed is not certain (12) .
Aside from this, there is the phenomenon of temporary, acquired heat resistance. It develops usually as a consequence of a limited, sublethal exposure of a cell, or an organism, to a high temperature followed by return to a normal temperature, or even during a continued exposure (2, 11, 14) . Such thermal desensitization has been observed in plants (15, 21) and in animal cells in culture (18, 19, 26) . Concurrent with the development of transient thermotolerance under these conditions is the accumulation in the cells of novel proteins: so-called heat shock proteins (or peptides; HSP2). From quantitative evaluations of these two phenomena it has been suggested that they may be 2 Abbreviation: HSP, heat shock protein.
causally related (17, 21, 26) , although a rigorous proof for this is still lacking. Other treatments which induce thermotolerance, such as exposure to ethanol, arsenite, or hypoxia, also induce synthesis of peptides similar to, or identical with, HSPs (18, 19) . The ability to make a 70 kD HSP under the conditions of heat shock is higher in a fruit fly population that has been maintained for 7 years at 25°C than in a replicate population grown at 14C (1) . The second population was shown to be more sensitive to heat shock at 40°C than the first one. Sensitivity of tobacco cells in suspension culture to exposure to 54°C fluctuates during the growth cycle (10) . It is maximal during the early logarithmic phase of growth and diminishes drastically upon reaching the stationary phase. A similar phenomenon has been observed in yeast suspension cultures (25) where it has been ascribed to the passage of the cells through, and accumulation in, specific phases of the cell cycle. Heat sensitivity has been reported to differ greatly among cultures synchronized in various phases of the cell cycle (22, 23, 25, 28) , although reports to the contrary also exist (24) . Usually, cells in mitosis and in the DNA-synthetic (S) phase are the most susceptible to lethal heat effects (28) .
In the course of our studies on the effects of heat stress on tobacco cells grown in suspension, we examined the possibility that the cells' ability to synthesize HSPs under heat stress may change during the cycle of growth under culture conditions. Our results indicate that HSP production is considerably reduced in dense stationary cultures which exhibit a relatively higher heat resistance (10 Unless otherwise stated, cells to be used in these experiments were prepared by diluting a dense 14-d-old culture with an equal volume of fresh medium and incubating as above for times given in the text. During time-course experiments, the volume of suspension was allowed to decrease to 10% of the flask volume through removal of the experimental samples.
Heat shock was applied to 3-ml samples of cell suspension in 50-ml flasks covered with aluminum foil and submerged to half the flask height in water at the desired temperature. A 'Magni Figure 1 illustrates the relation between temperature and HSP synthesis. For identification purposes, the estimated mol wt of the labeled bands will be used, e.f HSP 70 will refer to heat shock peptide with the apparent Equal amounts of TCA-insoluble radioactivity (10,000 cpm) were applied to the six lanes shown in Figure 1 , yet it is apparent (and it was confirmed by densitometry) that the control extracts (lanes 2, 4, 6) produced less darkening of the film overall than the heat-shock extract (lanes 1, 3, 5). That this is not due to a partial proteolytic degradation of the peptides is suggested by the fact that, when equal amounts of protein from these six samples were resolved and stained (the second half of the gel in Fig. 1 , not shown), the pattern was essentially the same for all six lanes with no signs of preferential protein degradation in any of them.
The relative extent of labeling of HSPs changes in the course of continued incubation at an elevated temperature. Replicate samples of cells were incubated at 38C for up to 6.5 h and labeled during the final 30 min of the incubation period (Fig. 2) . Some HSPs are detectable already during the first 30 min of heat stress, but the maximum intensity oflabeling is not reached until about 1 to 2 h, depending on which bands are considered. This can be more clearly seen on densitometer tracings of the fluorogram (Fig. 3) figure. through the growth cycle, we diluted a 14-d-old, dense cell culture 2-fold with fresh medium and divided it evenly between two flasks (100 ml suspension each). The cells were then maintained as usual. Triplicate samples of 3 ml each were withdrawn from alternating flasks on days 1 to 6 and then on days 8 and 10. One sample was filtered to obtain fresh weight of the cells and the other two were used for protein labeling at 28C and 38°C. During the first 6 d, the cells underwent approximately three doublings and reached a plateau (Fig. 4, solid line) . On the 10th d, the cells formed large aggregates making it difficult to properly withdraw a representative sample for fresh weight determination so that we do not know the exact shape of the growth curve during this period. Protein concentration (Fig. 4, broken line) was the highest in the cells in the mid-log phase of growth (approximately 3 d in culture) and decreased steadily thereafter.
Consistent with this was the extent of protein labeling with [3H] leucine (Fig. 5 ) which was most rapid between 2nd and 4th d in culture and then decreased several-fold by day 6.
Electrophoresis ofthe labeled proteins on SDS-polyacrylamide gels (Fig. 6 ) indicated that 1 to 2 d after being subcultured the cells exposed to 38C temperature produced HSPs vigorously. However, by the 3rd d the intensity of the HSP bands had begun to decrease. Measurements of peak heights from densitometer tracings obtained from this fluorogram (Fig. 7) clearly show that the major high mol wt HSPs (HSP 65, 72, 80, and 89) were labeled several-fold less intensely after 4 d in culture than on days 1 and 2.
To determine the role of cell density in the above phenomenon, we prepared similar 1 HSPs when stressed at 38C. However, the total incorporation of [3H]leucine was highly dependent on cell density during growth from the time of dilution until the heat shock test, even though the heat shock and labeling with leucine were done at approximately equal cell densities. Namely, the maximal total incorporation of leucine occurred in cells subcultured at 25 g/ 100 ml and was lower both at the higher density (50 g/100 ml) and at all lower densities tested (data not shown). We observed a similar density effect on [3H]leucine incorporation when dense cell cultures were diluted into progressively larger volumes of fresh medium without removing the old medium. In this case, the HSPs were observed only in the presence of at least 40% fresh medium. With further dilution, HSPs were still expressed even though the total incorporation of the label decreased sharply. In the undiluted sample and in the one with 20% fresh medium, HSP synthesis was severely reduced.
DISCUSSION
Synthesis of HSPs has been described in a variety of cells and tissues (3, 7, (17) (18) (19) 26) including plants (2, 6, 15) and plant cells grown in suspension (4, 21) . Our observations from studies on tobacco cells in culture are in a general agreement with the report by Barnett et aL. (4) on another tobacco cell line and with the results reported for soybean seedlings (15) and corn roots (6) . The apparent common characteristics ofthe heat shock response in plants include: optimum temperature of about 38C; maximum HSP synthesis during the 2nd h of heat shock; stimulation of the synthesis of some peptides that are seen also in control tissues (Barnett et al. [4] showed the similarity between 76 kD peptides from soybean cells incubated at 25C and 37C by fingerprinting each after a limited proteolysis); and a relatively large number of HSPs seen on polyacrylamide gels compared with that seen in the fruit fly system as noted also by Key et al. (15) . A more detailed comparison between different plant systems with regard to the exact number of HSPs induced and their mol wt is risky due to numerous technical differences in experimental protocols between laboratories. As an example, we may mention that the mol wt of the HSPs reported by us were obtained from linear interpolations of semi-logarithmic plots of the mol wt versus distance migrated for commercial protein standards of 92.5 kD and less. This resulted in our reporting the largest HSP in tobacco cells to have mol wt of about 89 kD even though it migrated slightly slower than phosphorylase B with mol wt of 92.5 kD. Clearly, the kinds of gels used, the range of the mol wt standards employed, and the statistical methods used to handle the numerical data will all affect the final estimates of the mol wt and the degree of resolution of different HSPs.
Against the background of the above described agreement of our results with previously published data, we present evidence that the heat shock response in tobacco cells in culture is highly dependent on the stage of growth. We also show that this effect is not a simple function of cell density. In Assuming that the two cell lines derived from the same tobacco variety (Wisconsin 38) display similar properties and growth characteristics when maintained in two different laboratories, our results suggest that the period of exaggerated heat sensitivity during the logarithmic phase of growth corresponds to the period of an enhanced ability to produce HSPs. This may seem to contradict the rather general observation (17, 21, 26 ) that production of HSP is associated with development of heat-induced resistance to a subsequent heat shock. These last observations, however, pertain in general to tissues in situ or in isolation while the present study deals with cell suspension. Gould et al. (9) observed that, when reaching the stationary phase of growth, sycamore (Acer pseudoplatanus L.) cells in culture are arrested in specific phases of cell cycle: 90% in GI and 10% in G2. There is no information about the heat sensitivity of these cells, but there are indications that animal cells in culture display cyclical variations in heat sensitivity and are the most sensitive in mitosis and in the S-phase and the least sensitive in the two G phases (23, 28) . If the same were true for plant cells, it could explain a lowered heat sensitivity of stationary cultures. A similar observation in yeast, where heat sensitivity is at its maximum during the exponential phase of growth (25, 27) , has been explained by the cell cycle effects, and has been taken advantage of in partially synchronizing these cells.
The above discussion leads to another fundamental question in the field of heat physiology, namely of whether HSP production is a 'one hit'-type phenomenon so that a given cell either does or does not enter into HSP production depending on whether it receives a threshold signal from the outside. Survival curves for tobacco cells subjected to heat (8, 10) Figure 2 and two identical 100-ml cultures incubated at 26°C as described in "Materials and Methods." Three samples of 3 ml each were withdrawn from alternating flasks on days indicated. One sample was filtered and weighed to obtain fresh cell weight (-). The 
